Background: Muscle function as assessed by strength and endurance is an important aspect of physical fitness. Low levels of muscle strength have been associated; insulin resistance and dyslipidaemia in adults but the effects on blood pressure are less clear. Moreover, there is a lack of data examining the evolution of relationships between muscle function and cardiometabolic risk factors in childhood and adolescence. This study aimed to examine the evolution of relationships between measures of muscle strength and endurance with individual cardio-metabolic risk factors from childhood to late adolescence in a prospective population based cohort.
significant inverse associations between back muscle endurance and log HOMA-IR and log hs-CRP.
Conclusion: The positive association between handgrip strength and back muscle endurance with systolic BP throughout childhood and adolescence contrasts with beneficial effects on other related traditional cardio-metabolic risk factors. Mechanisms underlying these paradoxical effects on systolic BP warrant further investigation.
INTRODUCTION
Moderate to high levels of cardiorespiratory fitness have been associated with lower mortality rates (1) and lower levels of hypertension, dyslipidaemia and insulin resistance (2, 3) . Muscle strength and endurance are key contributors to measures of physical fitness. Muscle strength is defined as the ability to generate a maximal force during a single contraction, whereas muscle endurance is the ability to maintain a repeated exertion of force over an extended period of time (4) . The handgrip test acts as a proxy for general muscle strength and is associated with total body strength measures in adults (5) and children (6) .
In middle-aged adults, low muscle strength has been associated with high morbidity and mortality rates (7) . At least part of this effect is suggested to be mediated by beneficial influences on standard cardio-metabolic risk factors. For example, increased muscular mass due to resistance training has been shown to be protective against the onset of insulin resistance (8) . Furthermore, large epidemiological studies have shown high levels of handgrip strength are associated with lower levels of undiagnosed hypertension (9) and to be a moderately strong predictor of incident cardiovascular disease in adults (10) . However, there are limited data in children and adolescents.
Adolescence is a critical period of substantial physiological, psychological and lifestyle changes which can impact on future adult behaviours and health outcomes (11) . Muscle strength and endurance increase as children age, due to growth in muscle mass and muscle fibre size (12) . In addition, BP has been shown to linearly increase throughout adolescence (13) . With a view to understanding the ontogeny of effects of muscle strength and endurance on adolescent risk factors for cardio-metabolic disease, we have examined two modes of muscle function, specifically handgrip strength and back muscle endurance. We then analysed their relationships with a range of individual cardio-metabolic risk factors in participants from the population based Western Australian Pregnancy Cohort (Raine) Study.
We hypothesised that higher levels of handgrip strength and back muscle endurance would be associated with lower levels of cardio-metabolic risk factors.
METHODS

Participants
The Raine Study is a prospective population study that recruited 2900 pregnant women between 16 to 20 weeks' gestation from King Edward Memorial Hospital and closely located practices, in Perth, Western Australia, Australia. The mothers gave birth to 2868 live infants. 
Muscle strength
Muscle strength was assessed using a handgrip dynamometer (Dynamometer, Therapeutic Instruments Clifton N.J.) following the protocol developed by McCarron (15) . Participants were asked to extend and hold the hand dynamometer at shoulder length and pull hard on the device to record grip force (kg). Measurements were assessed with the right hand and the left hand with the process being repeated. The best score of the two trials for each hand was recorded. These were combined to create a total handgrip strength score (kg).
Muscle Endurance
The sustained back muscle endurance test was employed to evaluate dynamic back muscle endurance by testing the postural trunk muscles using a procedure described by Biering-Sorensen (16) . Participants were instructed to lie in the prone position with their lower body strapped to a bed and the upper body extended beyond the bed. Subjects were required to maintain the horizontal position isometrically for as long as possible. The endurance time was recorded (seconds).
Cardiorespiratory fitness
Cardiorespiratory fitness was estimated from heart rate recordings during sub-maximal cycle ergometry using the PWC 170 protocol (Monark cycle ergonometer). Heart rate at three different workloads (watts) was used to extrapolate the load required to reach a heart rate of 170 beats per minute. PWC 170 is the maximal steady state power attained for a heart rate of 170 beats per minute on a cycle ergometer (17) .
Anthropometry
Height was measured using a mounted stadiometer (to the nearest 0.1 cm) and weight was measured (to the nearest 100g) with participants dressed in light clothes. BMI was calculated as weight (kg) divided by the square of height (m 2 ).
Puberty
Puberty was assessed using the Tanner Stages of physical development. This scale asks participants to rate their development based on a number of physical sexual characteristics, such as development of breasts, genitalia and pubic hair. The five stages range from 1 (prepubertal) to 5 (fully developed) (18) . At 14 years of age, misreporting occurred when approximately 330 individuals were shown the wrong developmental stage chart. To account for this, these individuals were omitted from the analyses when using puberty as a confounder.
Biochemistry
Venous blood samples were taken after an overnight fast and analysed in the PathWest Laboratory at Royal Perth Hospital for serum glucose, insulin, total cholesterol, HDL-C, triglycerides and hs-CRP (19) . LDL-C was calculated using the Friedewald formula (20) .
HOMA-IR was calculated using the formula: fasting insulin (µU/ml) x fasting glucose (mmol/L) / 22.5 (21) .
Blood pressure
Systolic and diastolic BP were measured by trained personnel using an oscillometric sphygmomanometer (DINAMAP vital signs monitor 8100, DINAMAP XL vital signs monitor or DINAMAP ProCare 100; GE Healthcare, Soma Technology, Bloomfield, Connecticut, USA) after resting for 5 minutes and using the appropriate cuff size on the right arm. Three cuff sizes were available. At 10 years, two BP readings were obtained every 2 minutes in the seated position and the average calculated. At 14 years, six BP readings were obtained every 2 minutes within a 10-minute period in the seated position, whereas at 17 years, the same protocol was employed in the supine position. The average BP was calculated using the last five readings at 14 and 17 years. BP was recorded on a separate day to handgrip strength and back muscle endurance assessments.
Statistical analysis
Descriptive data were summarised by year and sex using means, geometric means and their 95% confidence intervals. There is no consensus in the literature regarding the need to adjust handgrip strength for body size or how this might be achieved. To explore this issue, handgrip strength was calculated at each year by regressing handgrip strength on height or weight respectively, we then added the residuals from these analyses to the mean handgrip strength, to obtain a height adjusted and weight adjusted handgrip strength. Potential nonlinearity was accommodated by using fractional polynomials. Hierarchal linear mixed models of a selection of cardio-metabolic outcomes (systolic BP, diastolic BP, log HOMA-IR, log triglycerides, HDL-C, hs-CRP) were then used to compare the performance of raw handgrip strength, height adjusted handgrip strength and weight adjusted handgrip strength.
A simple model was adopted for this purpose, containing time, sex and subsequently an adjustment for adiposity, using BMI. Models were assessed using Akaike Information Criterion (AIC) where the lowest value indicates the better model.
Longitudinal patterns of raw handgrip strength and back muscle endurance over time as well as individuals cardio-metabolic risk factors were investigated using hierarchical linear mixed models, to account for nesting of time within an individual and siblings within a family. In these models, maximum likelihood estimation was utilised to retain those with outcome data from at least one-time point in the analysis, resulting in unbiased estimates when missing data is missing at random. Random effects Tobit regression (for censored data) was utilised for hs-CRP due to the lower boundary of the test (but does not make any adjustment for siblings) (22) . HOMA-IR, triglycerides and hs-CRP were not normally distributed and hence were log transformed. Initial associations between cardio-metabolic risk factors and handgrip strength and back muscle endurance were investigated after adjusting for sex and year. A further adjustment for adiposity was investigated in a subsequent model using BMI. Interactions and 1158 participants, respectively, had complete data for back muscle endurance and systolic BP, whereas 1341 and 983 participants, respectively, had complete data for back muscle endurance and biochemistry.
RESULTS
Participant characteristics
10
Interpretation of handgrip strength: Comparison of unadjusted and adjusted measures
For the determination of the 'better' handgrip strength measure, identical models of raw handgrip strength, height adjusted handgrip strength and weight adjusted handgrip strength were compared ( Supplementary Table 1a , 1b and 1c,). Raw handgrip strength in unadjusted and BMI confounder adjusted models exhibited the lowest AIC compared to height and weight adjusted handgrip strength. Therefore, raw handgrip strength was deemed a better fit for the outcome of systolic BP and hence was employed as the preferred handgrip strength measure in the final analyses. The same pattern was observed for other cardio-metabolic risk factors investigated (only systolic BP data shown as supplementary material).
Longitudinal linear mixed models of handgrip strength, back muscle endurance, blood pressure and biochemical risk factors
Handgrip strength increased between 10 to 17 years in both sexes (p<0.001), but to a greater extent in males (p<0.001) ( Table 1 ). Back muscle endurance was higher in females than in males at 14 years (p=0.021) but by 17 years there was no difference between the sexes (p=0.200) ( Table 1 ). Back muscle endurance increased between 14 and 17 years in females (p<0.001) and also in males but to a greater extent (p=0.001) ( Table 1) . Handgrip strength and back muscle endurance were weakly correlated (r= 0.07, p=0.008 at 14 years; r= 0.08, p=0.004 at 17 years). Systolic BP increased between 10, 14 and 17 years in both sexes but to a greater extent in males (p<0.001) ( Table 1) . Diastolic BP increased between years 10 and 14 in both sexes but to a greater extent in females (p<0.001). There was no significant change in diastolic BP between 14 and 17 years for either sex. Log HOMA-IR decreased between 14 and 17 years in both sexes to a similar extent (p<0.001) ( Table 1 ). Cholesterol decreased in males (p<0.001) with no change in females over time (p=0.281). Log triglycerides increased in males (p<0.001) with no change in females over time (p=0.547). LDL-C increased in females (p=0.004) with no change in males over time (p=0.818). HDL-C decreased in both sexes but to a greater extent in males (p<0.001). Log hs-CRP increased from 14 to 17 years in females (p<0.001), but decreased in males (p<0.001).
Longitudinal linear mixed models examining associations between handgrip strength and cardio-metabolic risk factors over time
Handgrip strength was positively associated with systolic BP at all time points in both sexes.
The association was strongest at 10 years and attenuated over time ( Table 2, Supplementary   Table 2 and Supplementary Figure 1 ).
After adjustment for the confounding effects of BMI, similar associations were detected ( To investigate whether these associations may be attributable to cardiorespiratory fitness (only available at 14 and 17 years); PWC 170 was included as a further confounder with BMI (Supplementary Table 2 ). The same pattern was observed after the additional adjustment for PWC 170 between 14 and 17 years when BMI was the sole confounder in adjusted models.
There were no associations between handgrip strength and diastolic BP at any time point in the unadjusted, BMI-adjusted (Table 2 ) and the PWC 170 and BMI-adjusted models (data not shown). Handgrip strength was positively associated with HOMA-IR in both sexes at all time points (coefficient (log HOMA-IR): 0.003, p=0.013) ( Table 3 and Supplementary Table 3 ).
After the inclusion of BMI as a confounder in the model, handgrip strength was negatively associated with HOMA-IR in both sexes at all time points, (coefficient (log HOMA-IR): -0.003, p<0.001). A 1 SD change in handgrip strength at 14 years (13.40 kg) and 17 years (20.58 kg) equated to a decrease in HOMA-IR of 3.9% and 6 %, respectively.
Handgrip strength was positively associated with triglycerides at all time point in both sexes in the unadjusted model (coefficient (log triglycerides): 0.002, p=0.006) ( Table 3 ). After the inclusion of BMI as a confounder, the aforementioned association was no longer significant (coefficient (log triglycerides): -0.0007, p=0.302). Handgrip strength was negatively associated with HDL-C and this association attenuated from 14 to 17 years in both sexes, (coefficient at 14 years: -0.004, p<0.001; year*handgrip coefficient: 0.003, p<0.001) ( Table 4 and Supplementary Table 4 ). After, the inclusion of BMI as a confounder, handgrip strength remained negatively associated with HDL-C at 14 years (coefficient: -0.003, P<0.001) but the association was no longer significant at 17 years (year*handgrip coefficient: 0.003, p<0.001). A 1 SD change in handgrip strength at 14 years (13.40 kg) equated to a 0.04 mmol decrease in HDL-C. There was a positive association between handgrip strength and hs-CRP (coefficient (log hs-CRP): 0.005, p=0.013) ( Table 3 and Supplementary Table 5 ). After the inclusion of BMI as a confounder, there was a small negative, albeit significant, association between handgrip strength and hs-CRP (coefficient (log hs-CRP): -0.006, p=0.007). These associations did not vary with sex or time. A 1 SD change in handgrip strength at 14 years (13.40 kg) and 17 years (20.58 kg) equated to a decrease in hs-CRP of 7.7% and 11.3%, respectively.
Longitudinal linear mixed models examining associations between back muscle endurance and cardio-metabolic risk factors over time
There were no interactions for back muscle endurance and time or back muscle endurance and sex for any of the cardio-metabolic risk factors investigated. The associations reported therefore apply to both time points in both sexes. Back muscle endurance was not associated with systolic BP in unadjusted analysis (coefficient: -0.001, p=0.723) ( Table 5 , Supplementary Table 6 and Supplementary Figure 2 ). After the inclusion of BMI as a confounder in the model, back muscle endurance was positively associated with systolic BP (coefficient: 0.01, p=0.002) ( Table 5 , Supplementary Table 6 and Figure 3 ). A 1 SD (14 years: 62.83 seconds; 17 years: 56.67 seconds) increase in back muscle endurance equated to a 0.06 mm Hg increase in systolic BP. After the inclusion of cardiorespiratory fitness as a further confounder, these associations were not altered (Supplementary Table 6 ). Back muscle endurance was not associated with diastolic BP in unadjusted, BMI adjusted (Table 5) and the PWC 170 and BMI-adjusted models (data not shown).
Back muscle endurance was inversely associated with HOMA-IR (coefficient (log HOMA-IR): -0.002, p<0.001) ( Table 5 and Supplementary Table 7 ). With BMI as a confounder in the model, back muscle endurance remained negatively associated with HOMA-IR (coefficient (log HOMA-IR): -0.001, P<0.001). A 1 SD (14 years: 62.83 seconds; 17 years: 56.67 seconds) increase in back muscle endurance equated to a 6% and 5.5% decrease in HOMA-IR at 14 and 17 years, respectively. Back muscle endurance was inversely associated with triglycerides (coefficient (log triglycerides): -0.0009, p<0.001) and remained significant after the inclusion of BMI as a confounder (coefficient (log triglycerides): -0.0004, p=0.007) ( Table 5 and Supplementary Table 8 ). A 1 SD (14 years: 62.83 seconds; 17 years: 56.67 seconds) increase in back muscle endurance equated to a 2.5% and 2.2% decrease in triglycerides at 14 and 17 years, respectively. Back muscle endurance was positively associated with HDL-C (coefficient: 0.0005, p<0.001), but this was no longer significant after the inclusion of BMI as a confounder (coefficient: 0.0001, p=0.209) ( Table 5 ). Back muscle endurance was negatively associated with hs-CRP (coefficient (log hs-CRP): -0.003, p<0.001) and the relationship remained significant after inclusion of BMI in the model (coefficient (log hs-CRP): -0.001, p=0.018) ( Table 5 and Supplementary Table 9 ). A 1 SD (14 years: 62.83 seconds; 17 years: 56.67 seconds) increase in back muscle endurance equated to a 6% and 5.5% decrease in hs-CRP at 14 and 17 years, respectively. (37) . Similarly, forearm blood flow was increased with regular handgrip exercise training in young men and in middle-aged men (38) . However, it is important to note various factors, such as exercise intensity, different populations and exercise modality can have differing influences on BP.
DISCUSSION
The lack of effect of muscle strength and muscle endurance on diastolic BP in our study is of interest given that systolic BP and more predominantly diastolic BP in young adults are predictive of subsequent cardiovascular events and mortality (39) . Our findings of a positive relationship between handgrip strength and back muscle endurance with systolic BP across periods of the survey may be related to the fact that both muscle strength and BP increase in magnitude during adolescence. Nevertheless, we saw similar associations cross-sectionally at each time point in subjects that were predominantly pre-pubertal at 10 years to post-puberty at 17 years. Thus it is possible that changes in androgen levels related to puberty influenced muscle mass and strength (40, 41) and thereby the positive association with systolic BP (42) .
Increases in testosterone could increase muscle mass and may have an additive effect on BP,
although the associations in our study were seen in females as well as males making this explanation unlikely. This critical period of growth in the Raine cohort is associated with other hormonal changes such as growth hormone, which might also contribute to parallel changes in muscle strength (12) and left ventricular mass and contractility (43, 44) and hence BP. The association between handgrip strength and back muscle endurance with systolic BP in our study could be explained by an increase in arterial stiffness and/or vascular hypertrophy with a higher degree of muscle fitness in childhood and adolescents.
In accordance with our findings with HOMA-IR and triglycerides, adult studies have consistently shown inverse associations between different measures of muscle strength and measures of insulin resistance and lipids (45, 46) . Vaara et al. (29) showed that muscular endurance (sit-ups, push-ups and repeated squats) was inversely associated with blood triglycerides and glucose in young men. Increased muscle mass is the most likely explanation for the effects on glucose homeostasis and lipids which appear to persist through childhood and adolescence into adult life. Skeletal muscle is one of the primary tissue sites for glucose and lipid metabolism and is considered a determinant of resting metabolic rate. Thus changes in muscle mass may influence multiple cardio-metabolic risk factors (47) .
The results of our study are likely to be generalisable as Raine study participants were derived from a cohort broadly representative of the general population and were not a Relationships with home BP or 24-hour ambulatory monitoring would be of further interest.
In conclusion, we have demonstrated that paradoxically handgrip strength and back muscle endurance were positively associated with higher systolic BP in children and adolescents despite inverse associations with HOMA-IR, lipids and hs-CRP. These BP findings warrant replication in other populations and further evaluation to the possible underlying mechanisms. In view of the fact grip strength increases from childhood through to 20-30 years of age (48, 49) , it will be of particular interest to ascertain whether the association between handgrip strength and back muscle endurance, with systolic BP, are maintained or reversed in later adulthood. Equally important will be to determine the optimal period to gain a substantial benefit from resistance strength training for the early prevention of type II diabetes, dyslipidaemia and hypertension. 
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